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http:WHAT THIS PAPER ADDS
As the technique of in situ fenestration of endovascular stent grafts becomes more frequently used, it is
important to understand and characterize the effect of puncture and dilatation on the textile graft material. This
manuscript represents the ﬁrst study of textiles after in situ fenestration techniques that uses a large number of
textile specimens, and applies formal textile materials analysis, including fatigue testing. This study demonstrates
that the choice of device, and hence textile material, has a signiﬁcant impact on the effects of in situ
fenestration.Objectives: In situ fenestration of endovascular stent grafts is a technique that is becoming more common, as it
has the advantages of decreased cost, increased availability, and more anatomic conﬁguration than other
methods of branch revascularization. However, a signiﬁcant concern is the short- and long-term durability of the
stent graft fabric during and after fenestration.
Methods: This study utilizes the textiles analysis techniques of macro- and microscopic imaging, tear strength
testing, burst strength testing, and accelerated cyclic fatigue testing on the fabrics of the Cook Zenith, Medtronic
Talent, and Medtronic Endurant stent grafts (three polyester grafts), as well as two different expanded
polytetraﬂuoroethylene (ePTFE) membranes. Specimens were punctured using radiofrequency, and serially
dilated with angioplasty balloons (3, 5, and 7 mm). For each type of fabric, three groups were analyzed: control,
radiofrequency (RF) puncture only, and balloon dilated.
Results: A total of 110 specimens were analyzed, with 80 of them having been fenestrated. The Zenith fabric had
the greatest strength after fenestration, but was limited by the inability to fully dilate the fenestration with the
conventional balloons, which only achieved 26e29% of their nominal balloon diameter. While the Talent and
Endurant grafts could be dilated with balloons, the oriﬁces were markedly elliptical not circular. After accelerated
fatigue testing, there was an increase in the size of fenestrations of the Talent fabric. There was no increase in
fenestration size for the Endurant fabric, Zenith fabric, or the ePTFE fabrics, after fatigue testing.
Conclusions: While the Zenith fabric was the strongest both before and after fenestration, it requires further
study with cutting balloons to achieve full-sized fenestrations. All fenestrations remained stable during fatigue
testing except for the Talent fabric. This study serves as the baseline for future studies that will include stent
grafts, branch stents, and cutting balloons.
 2014 European Society for Vascular Surgery. Published by Elsevier Ltd. All rights reserved.
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In situ fenestration is a technique that enables a conven-
tional aortic stent graft to be used in locations where
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//dx.doi.org/10.1016/j.ejvs.2014.02.008involves deploying the main aortic device, then puncturing
the graft fabric in situ adjacent to the target branch. This
puncture is then stretched to the desired size using angio-
plasty balloons. This has been used with good success in a
“retrograde” fashion for the great vessels of the aortic
arch.1e6 It is also being developed for antegrade fenestra-
tion for repair of juxtarenal aortic aneurysms.7e9 While off-
the-shelf fenestrated devices are being developed, their
clinical use is still very early and limited. When compared to
custom fenestrated devices, the technique has much lower
cost, much greater availability, no waiting period, and
possibly more accurate fenestrations. When compared to
Figure 1. Radiofrequency puncture set-up used on ﬂat material specimens.
502 L.A. Eadie et al.hybrid techniques, the technique maintains an anatomical
conﬁguration and can decrease the operative time. The
physician also has the option to use the aortic stent graft
device with which they are familiar, or use the technique as
a bailout for inadvertent branch coverage.
While the feasibility of in situ fenestration has been
demonstrated,1e9 a comprehensive assessment of the
changes to, and the durability of, the fabric graft component
as a result of this technique has not yet been undertaken.
The goal of this study was to assess the mechanical integrity
and fatigue resistance of these fenestrated fabrics.
METHODS
Materials
Five different endovascular stent graft materials were stud-
ied: (a) themultiﬁlament tubular woven polyester fabric used
in the Cook Zenith device (Atex Technologies, Pinebluff, NC,
USA); (b) the multiﬁlament plain woven tubular polyester
material used in the Medtronic Endurant device (Medtronic,
Ontario, Canada); (c) themonoﬁlament twill woven polyester
material used in the Medtronic Talent device (Sefar, Depew,
NY, USA); and two different types of expanded polytetra-
ﬂuoroethylene (ePTFE) membranes referred to as (d) con-
ventional and (e) prototype (Zeus Inc., Orangeburg, SC, USA).
The “conventional” ePTFE membrane was equivalent to the
material used to construct the W.L. Gore Excluder device.
Fenestration technique and equipment
The woven fabrics were radiofrequency (RF) punctured, at a
standard 90-degree angle to the graft, using the Baylis
Medical Research RF generator (Baylis Medical, Mis-
sissauga, Canada) in conjunction with the PowerWire
Radiofrequency Guidewire (Baylis Medical) as proposedpreviously.9 The generator had the following settings:
modulation, 1 Hz; duration, 1 s; duty cycle, 100 ms; and
voltage, 270 Vrms. Although the same settings were
attempted on the ePTFE membranes, these materials
required RF puncture using a Valleylab Force FX RF gener-
ator (Covidien, Boulder, CO, USA) in conjunction with the
same PowerWire Radiofrequency Guidewire. While needle
and laser puncture have been described, we have found
radiofrequency puncture to be the easiest and most ver-
satile.9 All RF puncture procedures were performed in a
0.9% saline solution at room temperature in a customized
ﬂat material mounting device designed and built speciﬁcally
for this procedure. Subsequent to RF puncture, the samples
designated for dilation were sequentially balloon expanded
using 2.5 mm, 5 mm, and 7 mm nominal diameter Med-
tronic Sprinter Legend angioplasty balloons (Medtronic,
Santa Rosa, CA, USA) (Fig. 1). Inﬂation was by manometer
to a pressure of 1 MPa (10 atm) (above nominal pressure
and below rated burst pressure for each balloon).Macroscopic and microscopic analysis
The fenestrated specimens were examined macroscopically
for changes to the fabric and membrane structure. Photo-
graphs were taken using a Pentax Optio P70 camera.
Microscopic evaluation of the areas surrounding the
fenestration sites was performed using a stereoscopic zoom
microscope (Nikon SMZ1000) at magniﬁcations in the range
8e80. Scanning electron microscopy (SEM) was per-
formed on the unfenestrated ePTFE membranes to char-
acterize their surfaces and to determine their internodal
distances (INDs). The IND helps describe the structure of an
ePTFE membrane, and is the length, in micrometers, be-
tween clumps (nodes) that are connected by
Table 1. Mean tearing strengths and standard deviations for the
weft/cross direction and the warp/longitudinal direction of the
ﬁve materials (mean  standard deviation).
Control (N) RF
punctured (N)
Balloon
expanded (N)
Weft/cross direction (CD)
Zenith 37.03  0.16 35.99  4.01 34.30  0.87
Endurant 13.04  1.02 15.59  0.42 16.59  1.90
Talent 6.51  0.60 8.14  0.09 10.08  0.98
Conventional
ePTFE
9.20  0.28 7.83  0.87 11.19  5.66
Prototype
ePTFE
12.25  0.69 7.93  2.99 5.89  0.82
Warp/longitudinal direction (LD)
Zenith 28.31  1.83 29.34  3.12 26.51  0.51
Endurant 7.94  0.51 9.20  0.04 8.60  1.18
Talent 5.76  0.40 6.84  0.29 7.20  0.50
Conventional
ePTFE
10.05  0.85 11.70  2.28 13.47  6.75
Prototype ePTFE 5.21  0.85 4.63  1.10 12.23  1.72
Note. ePTFE ¼ expanded polytetraﬂuoroethylene.
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porosity of the ePTFE membrane and other physical char-
acteristics. SEM was undertaken using a Phenom scanning
electron microscope (Model #800-03103-02, FEI Company
Eindhoven, the Netherlands) and IND measurements were
calculated from these images using Image J software (NIH).
While SEM was used for characterization of the material
pre-fenestration, it was not used to analyze the post-
fenestrated specimens because these were too large for
SEM visualization.Mechanical testing
Tongue tear testing was performed using an Instron (Model
#5544, Norwood, MA, USA) mechanical tester using a
modiﬁed ASTM D2261 method. This is a standard textile
strength test that involves measuring the force required to
continue a tear in a rectangular specimen of fabric. The
specimens had dimensions of 4  1.5 cm and a cut length
of 1.5 cm. Three specimens were tested in each direction for
each material so as to calculate the mean tearing strength
in newtons (N) (Table 1). The load cell had a tensile capacity
of 2 kN and the cross head speed was set to 50  2 mm/
min as per the ASTM standard.
Bursting strength testing was performed following the
ISO 7198:1998 Standard Test Method for Cardiovascular
Implants using a 9.5-mm-diameter probe with a hemi-
spherical head mounted in a compression cage ﬁtted to a
Model 5544 Instron mechanical tester. This standard medi-
cal device strength test involves measuring the force
required to rupture the fabric essentially by pushing a
marble-sized ball through the fabric. The specimen’s di-
mensions were 4  4 cm. Three specimens were tested per
sample. The rate of traverse was set to 305 mm/min (Fig. 2).
The absolute mean bursting strength values for each sample
are listed in newtons in Table 2.Fatigue resistance of the fenestrated specimens was
performed for 40 million cycles (representative of 1 year
in vivo) on a Bose EnduraTec stent/graft accelerated me-
chanical fatigue test instrument (Framingham, MA, USA).
Typically, in fatigue testing 40 million cycles are performed
to represent 1 year in vivo and 400 million to represent 10
years. Eight millimeter diameter tubes were constructed
from the fenestrated materials and mounted on the fatigue
tester, which ran at a frequency of 60 Hz. The maximum and
minimum operating pressures, corresponding to systolic
and diastolic arterial blood pressures, were set at
180 mmHg over 120 mmHg, to simulate the pressures
found in a hypertensive patient (Fig. 3). The temperature of
the water in the machine was maintained at 37  2 C. The
fenestration dimensions were measured both before and
after fatiguing, and Image J software (NIH) was used to
determine if any signiﬁcant changes in fenestration di-
mensions occurred during fatiguing (Table 3).
Statistical analysis
The equivalence of the variances between each group
needed to be veriﬁed. In order to do so, an F test was
performed at a 95% conﬁdence interval. The null hypothesis
of the test was that all variances of each group were equal.
If the variances were found to be equal, a single factor
analysis of variance (ANOVA) test was performed to
determine if there was a signiﬁcant change in the various
materials’ tearing and bursting strengths as well as to
ascertain if the changes in fenestration size after fatiguing
were signiﬁcant. The assumptions associated with this test
included a normal distribution for the data, a null hypoth-
esis, and a conﬁdence interval of 95%. If the results from
the F test indicated that the variances were unequal, a
Student t test assuming unequal variance was utilized. This
test was performed assuming an alpha value of 0.05.
RESULTS
A total of 110 specimens were analyzed, with 80 of them
having been fenestrated.
Macroscopic and microscopic analysis
From the initial macroscopic evaluation of the various
samples, it was evident that each material reacted differ-
ently to RF puncture and subsequent balloon expansion
(Fig. 4). The Talent and Endurant fabrics speciﬁcally had
fenestrations orientated in the warp (longitudinal) direction
of the fabric, which corresponds to the longitudinal direc-
tion of the assembled stent graft device. The fenestrations
in the Zenith fabric did not expand signiﬁcantly as a result of
balloon dilatation. The two ePTFE membranes exhibited
slight tearing around the edges of the ballooned fenestra-
tion site and the direction and size of this tearing appeared
to occur at random (Fig. 4).
When speciﬁcally considering the measurements of the
longitudinal and horizontal axes of the balloon expanded
samples (Fig. 5) it can be seen that the average length of
the ballooned fenestrations in the Talent fabric exceeded
Figure 2. Photograph of the compression cage used to perform probe bursting strength testing. The inset shows a close-up of the clamped
fabric on the platform.
504 L.A. Eadie et al.the intended 7 mm diameter. Of the fenestration di-
mensions measured in the Talent specimens, four out of
ﬁve of the fenestrations had a longitudinal length of more
than 7 mm. In other words the fenestration dimensions for
the Talent sample ranged between 93% and 112% of the 7-
mm balloon nominal diameter. On the other hand, when
examining the average length of the Zenith ballooned fen-
estrations, they only reached an average length of approx-
imately 2 mm, and gave a range of balloon nominal
diameters between 26% and 29%, even though they too
had been expanded beyond nominal pressure with a 7-mm-
diameter angioplasty balloon. In comparison, the fenestra-
tion dimensions for the Endurant sample lay between 85%
and 103% of the 7-mm balloon diameter. The long error
bars in the graph show the high variation of the fenestra-
tion dimensions exhibited by the ePTFE samples (Fig. 5). The
fenestration dimensions lay between 58% and 82% for the
conventional ePTFE sample, and between 50% and 89% for
the prototype ePTFE specimens.Table 2. Mean and standard deviations of mean bursting strengths
for the various materials (mean  standard deviation).
Control RF
punctured
Balloon
expanded
Mean bursting strength (N)
Zenith 462  20 366  30 363  16
Endurant 261  5 191  8 58.1  1.3
Talent 320  6 202  21 52.2  3.0
Conventional ePTFE 240  19 206  25 61.4  25.8
Prototype ePTFE 115  12 96.6  9.6 35.2  3.8
Note. ePTFE ¼ expanded polytetraﬂuoroethylene;
RF ¼ radiofrequency.SEM analysis of the unfenestrated specimens to char-
acterize the ePTFE membranes revealed that the two
different membranes had similar inner surface internodal
distances (INDs) of between 25.0 mm and 29.7 mm, while
the IND of the outer surfaces were signiﬁcantly different
between the two membranes. The conventional ePTFE had
an outer surface IND of 15.1  3.1 mm and the prototype
had an IND of 11.6  2.9 mm. The smaller IND of the
prototype membrane suggests decreased porosity of the
outer surface and possibly increased ultimate stress and
strain.10
Microscopic analysis also showed that the RF-punctured
woven fabrics had polymer melting and yarn fusion
occurring around the edges of the fenestration sites.
Polymer melting was not observed for the ePTFE mem-
branes. Microscopic evaluation of the RF-punctured then
balloon-expanded woven fabrics showed fraying of the
fabric around the edges of the ballooned fenestration
sites. This fraying occurred in all three woven fabrics but
was more pronounced with the Endurant and Talent
samples. Partial delamination and bunching of the con-
ventional ePTFE membrane was observed to occur around
the balloon-expanded RF puncture site. However, delami-
nation was not noted with the prototype ePTFE sample
(Fig. 4).Mechanical testing: tearing strength
Before fenestration, it was found that of all the materials
under investigation, the Zenith fabric had the highest mean
tearing strength (28.3e37.0 N) in both directions. A statis-
tically signiﬁcant decrease of 7.4% in tearing strength
Figure 3. Photograph of the Bose EnduraTec stent/graft accelerated mechanical fatigue test instrument. The two conical cylinders on either
end of the apparatus oscillate, similar to acoustic speakers, to compress the water in the system, and provide precisely controlled ﬂuc-
tuation of pressure at high frequencies. The inset shows two sewn tubular specimens mounted on latex rubber tubes for testing.
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control fabric and the balloon-expanded state. The Endurant
and Talent fabrics both had lower mean tearing strengths
than the Zenith fabric at baseline (Table 1). As opposed to
the weakening that was experienced with the Zenith fabric,
the other woven fabrics became stronger after fenestration.
The Endurant fabric experienced an increase in tearing
strength of 19.6% and 27.2% after undergoing RF puncture
and balloon expansion respectively. The Talent fabric had
the lowest tearing strength of all ﬁve materials investigated.
It was found that the tearing strength of the Talent fabric
increased, in both directions, after RF puncture and after
balloon expansion. The increases in the warp direction were
found to be 25.0% and 54.7% respectively.
The tearing strength test results for the ePTFE mem-
branes had considerably higher variability than the woven
fabric samples. For the conventional ePTFE membrane,
there was no signiﬁcant change in tearing strength noted
between any of the material conditions in either direction.
For the prototype ePTFE the results were highly directional.
There was a decrease in tearing strength of 51.9% observed
in the cross direction between the control and the balloonTable 3. Mean and standard deviations of measurements for fenestra
Longitudinal axis (mm) Horiz
Before fatigue After fatigue Befor
Radiofrequency punctured
Zenith 0.51  0.05 0.83  0.05 0.46
Endurant 0.57  0.10 0.75  0.15 0.51
Talent 0.70  0.01 0.60  0.12 0.69
Conventional ePTFE 0.43  0.11 0.39  0.07 0.46
Prototype ePTFE 0.52  0.06 0.51  0.11 0.56
Balloon expanded
Zenith 1.91  0.10 1.86  0.26 1.07
Endurant 6.11  0.19 6.54  0.05 1.96
Talent 7.39  0.36 8.12  0.04 1.49
Conventional ePTFE 5.17  1.35 3.83  1.77 4.56
Prototype ePTFE 5.80  0.57 5.12  0.04 3.74
a Samples that gave a signiﬁcant change in fenestration area during faexpanded samples while the mean values more than
doubled in the longitudinal direction between the same two
samples.Mechanical testing: bursting strength
The bursting strength results are reported in Table 2 in
newtons. The Zenith control fabric exhibited the highest
unadjusted mean bursting strength (462 N), while the
prototype ePTFE material provided the lowest unadjusted
mean value (115 N). The three other control samples fell in
between these two extremes (Table 2).
After ballooning, the mean bursting strengths of the
Endurant, Talent, conventional ePTFE, and prototype ePTFE
materials were all similar, and fell within the range 35e
61 N. On the other hand, the ballooned Zenith fabric’s mean
bursting strength of 363 N was approximately seven times
higher than that of the other materials. A decrease in mean
bursting strength of only 21.4% was observed between the
control and the ballooned specimens of the Zenith fabric.
This was the lowest decrease in bursting strength observed
for all materials. The other four materials gave losses intion dimensions before and after fatiguing.
ontal axis (mm) Area (mm2)
e fatigue After fatigue Before fatigue After fatigue
 0.01 0.75  0.01 0.22  0.00a 0.38  0.01a
 0.10 0.77  0.21 0.34  0.09 0.45  0.00
 0.04 0.66  0.05 0.49  0.05 0.47  0.03
 0.11 0.48  0.11 0.14  0.06 0.16  0.03
 0.02 0.68  0.15 0.19  0.08 0.22  0.02
 0.04 1.56  0.16 1.61  0.14 2.64  0.38
 0.27 1.85  0.02 11.51  0.83 9.32  0.33
 0.02 1.62  0.03 6.25  0.05a 8.17  0.21a
 2.21 4.24  1.83 16.22  2.92 10.38  1.69
 1.17 3.79  0.83 13.88  1.55 11.72  0.26
tigue testing.
Figure 4. Images from the stereoscopic zoom microscope showing ballooned fenestrations in (A) Zenith (30); (B) Endurant (8), and (C)
Talent (8) fabrics; (D) conventional ePTFE (8) and (E) prototype ePTFE (8) membranes.
506 L.A. Eadie et al.bursting strength between the control and balloon-
expanded states in the range 69.5e83.7%. However, it is
important to keep in mind that the size (and therefore the
surface area of contact) was much different between the
Zenith and other grafts.Mechanical testing: fatigue resistance
There were no signiﬁcant changes observed after fatigue
testing in the fenestration dimensions of either the RF-
punctured or the balloon-expanded specimens taken from
the Endurant fabric and both ePTFE membranes (Table 3).
For the Talent sample, the size of the ballooned fenestra-
tion increased from an average area of 6.25 mm2 before
fatiguing to an average of 8.17 mm2 after fatiguing
(p ¼ .0061). For the Zenith fabric, the RF puncturedFigure 5. Mean ballooned fenestration dimensions along the longitu
deviation for each sample.fenestration area increased from an average of 0.22 mm2 to
0.38 mm2 after fatiguing (p ¼ .0027).
DISCUSSION
No study can accurately predict in vivo use, but we chose
these particular studies because they are standard tests
used in the analysis of textile materials. They serve as a
surrogate for in vivo use, and can be used as a baseline
against which further studies can be compared. The next set
of experiments that we pursue will more closely mimic
in vivo use, but there will be no standards against which to
compare those results, except the surrogate results pre-
sented in this manuscript. The interpretation and applica-
tion of our results should therefore be kept in this context.
The inability to fully dilate the fenestration in the bal-
looned Zenith fabric specimens is believed to be due todinal and horizontal axes. Note. Error bars indicate 1 standard
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fabric which hinder any additional expansion during balloon
inﬂation. The lack of increase in fenestration area accounts
for the minimal change in burst pressure between the RF-
punctured and balloon expanded fenestrations in the
Zenith fabric.
As noted earlier, the Endurant and Talent fabrics both
had lower mean tearing strengths than the Zenith fabric.
This is believed to be a result of these fabrics’ lighter
weights and tighter woven structures. The increase in the
Endurant fabric tearing strength subsequent to RF puncture
has been attributed to the polymer melting and yarn fusion
that was observed around the RF puncture site. For the
ballooned sample, the increased tearing strength could be
attributed to the decrease in woven fabric count observed
after ballooning. Similar reasoning applies to the Talent
tearing results. For the Talent, Endurant, and prototype
ePTFE samples, some of the tearing results should be
interpreted with caution since all the specimens tore on the
skew when testing in the cross direction.
It was expected that all materials would experience some
decrease in bursting strength as a result of RF puncture and
balloon expansion, because there is less material at the
puncture site to support the applied load. Theoretically a 7-
mm-diameter circular fenestration would reduce the area of
material under test, and hence reduce the bursting strength
by 38.5%. However, the considerably smaller decrease in
strength of the Zenith fabric subsequent to fenestration
should be noted. This indicates that the fenestration of this
fabric did not result in a signiﬁcant loss of strength as was
observed with the other materials. While the bursting
strength is the most dramatic of the testing methods, the
forces applied are supra-physiologic and not necessarily
clinically relevant. From a clinical perspective, the results of
the fatigue resistance testing are of particular interest and
relevance. It is important for physicians to know how the
materials will withstand the constant pulsatile environment
they would be subject to in vivo. The greatest cause for
concern arises from the growth in the balloon-expanded
fenestration area of the Talent fabric sample. The results of
this work indicate that growth of the fenestrations beyond
the intended diameters is unlikely to be a signiﬁcant issue for
all the materials tested except for the Talent sample.
We believe the target size of the in situ fenestration
should be the same diameter as the target vessel, while the
oversizing of the ﬁnal covered stent should be similar to
what is used in pre-fabricated fenestrated EVAR. The
“ﬂowering” or “ﬂaring” of the balloon expandable stent
graft will be a key maneuver to accommodate any size or
shape variations in the fenestration and optimize the seal.
To date, little work has been performed to determine the
effects of various types of fenestration techniques on the
fabric components of endografts. Astarci et al.11 performed
preliminary work on determining the effects of fenestration
on Dacron and ePTFE materials as well as the metal
component of endografts. In 2003 McWilliams et al.12 set
about investigating the potential of in situ retrograde
fenestration by ﬁrst attempting to fenestrate a device usinga bench model and then in a canine model. In 2011, Saari
et al.13 characterized the acute changes with various com-
binations of devices. Most recently, Riga et al.14 have
investigated the effects of the puncture angle during in situ
fenestration on various devices, in addition to the use of
cutting balloons. This has added much more insight into the
technique of in situ fenestration. In this paper we have
attempted to address the most concerning issues, namely
the durability, and subsequent performance of the fabric
component. Although a larger number of stent graft com-
panies were invited to participate, not all companies were
interested, and therefore this study only investigated a se-
lection of devices, due to material availability. Additionally,
at the time of this study, we did not have appropriate low-
proﬁle, high-pressure balloons available to us. The addition
of cutting balloons and high-pressure balloons will help
address the issue of under-dilated fenestrations, and pre-
sent interesting specimens for future damage analysis.
Clearly, further work needs to be pursued, particularly
with the addition of stents. However, before such an
expensive undertaking, this study serves as a surrogate for
the understanding behind various different fabric re-
sponses. The addition of stents is likely to change the per-
formance of the endograft fabric, which complements our
previous observation that the stress induced by the fenes-
trated graft on the stent can lead to stent deformation and
fracture.7 These ﬁndings will provide clinicians with addi-
tional information that will be needed when selecting the
most suitable materials and devices for these procedures.
CONCLUSION
From the results of this study it can be seen that the type of
material, as well as its speciﬁc construction, play a role in
the performance of these materials following fenestration.
This is an important factor to consider when selecting which
device to use for in situ RF fenestration of endografts. The
dimensional and mechanical characteristics of the various
materials are altered as a result of RF puncture and sub-
sequent balloon expansion.
Overall, the Zenith fabric had the greatest strength with
respect to tearing strength and bursting strength, both
before and after RF puncture and balloon expansion.
However, the inability to achieve a large enough fenestra-
tion diameter precludes its use with conventional angio-
plasty balloons. Further work with stents, cutting balloons,
and high-pressure balloons would be required for the Zenith
fabric. The high variability observed in the ePTFE samples
makes it more difﬁcult to predict their in vivo performance.
However, for all the materials selected, except the Talent
sample, there was no increase in fenestration dimensions
during fatigue testing after in situ fenestration using RF
puncture and balloon angioplasty.
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